Abstract. Food limitation for the cladoceran Daphnia galeata was measured growing them with natural lake seston for one growing season under standardized conditions in the laboratory. Growth rates were related to several measures of food quantity. Paniculate organic carbon (POC) <30 u.m was the best predictor of total food availability measured. It was better than chlorophyll-a (Chl-a) of the same size fraction, algal volume calculated from cell counts or total particle volume from Coulter Counter measurements. Daphnids were also grown with Scenedesmiis acutus under the same conditions and their growth rates were compared. Sestonic carbon concentrations were related to Scenedesmus carbon concentrations, that provided equal growth rates. The ratio of the carbon concentrations of both food types (seston. Scenedesmus) represented the food quality of seston. Thus, the nutritional quality of natural lake seston relative to a standard alga was determined over one growing season. Growth rates of seston fed animals revealed that they were food limited during long periods of the year. This was also ascertained by standard clutch sizes of field animals. However, the causes of food limitation varied within the duration of the studied period. Whereas during the clear-water phase the food quantity was limiting (while the quality was high: 100% Scenedesmus). shortly after on 10 June and 17 June food conditions were close to threshold concentrations due to low food quality. For the remainder of the summer, a POC of 0.3-0.6 mg C 1' with a quality of -50% Scenedesmus. resulted in moderate food limitation of Daphnia.
Introduction
Natural populations are shaped by mutual action of top-down and bottom-up control. For zooplankton communities the functioning of top-down control can be easily explained with the size-efficiency hypothesis (Brooks and Dodson, 1965) however, bottom-up control is more obscure. For bottom-up control, food is the important factor, which influences the reproductive output and, thus, the birth rate and potential abundance of a population (Lampert, 1985) . Therefore it is crucial to determine the degree of food limitation of zooplankton and relate it to measurable food parameters.
Food quantity can easily be measured for example as biovolume (e.g. Berquest et al., 1985) , chlorophyll (e.g. Vijverberg, 1976) or the elemental composition (Behrendt, 1990) , like carbon and nitrogen (Checkley, 1980) , or protein (Guisande and Serrano, 1989) . But in particular, food accessibility (including interference in the feeding process) and its nutritional value are food quality parameters that cannot be determined so easily (Schindler, 1970; Pechenik and Fischer, 1979, Matveev and Balseiro, 1989) . For example, zooplankton growth also depends on the biochemical content of the algal food. For example, eicosapentaenoic acid (20:5w3) seems to be of great importance for Daphnia growth on seston (Miiller-Navarra, 1993) . However, the biochemical content differs between algal species, but also changes with the physiological state of the alga, resulting in differences in food quality (Ahlgren etal., 1990; Checkley, 1980; Ki0rboe, 1989; Giani, 1991; Groeger et al., 1991) . However, even knowing the nutritional value of biochemical compon-ents might not be sufficient, since via food selection (DeMott, 1986) , indigestibility (Porter, 1975; Van Donk and Hessen, 1993) and interference (Gliwicz and Siedlar, 1980; Dawidowicz et al., 1988) , a presently limiting resource may not be utilized from the animal.
However, several components contribute to food availability and its quality. Taking into consideration that zooplankton do not take up pure and mostly nonsubstitutable resources but instead ingest packages, which can contain substitutable and unsubstitutable resources, the following factors must be addressed:
(i) the abundance of ingestible particles, (ii) the presence/absence of (mechanical and chemical) interference that inhibits food gathering, (iii) food assimilation properties of the food particles themselves, and (iv) their nutritional value. In natural seston assemblages all four components act simultaneously in the determination of the food environment of a zooplankter. Unfortunately it is very difficult (from direct measurements) to distinguish between these components in order to quantify the significance of each component contributing to a certain degree of food limitation and thus to assess the actual food value of natural food. Furthermore, their relative importance probably changes depending on the season, the lake (especially its trophic state) and the zooplankton species under consideration.
Seston is an assemblage of a broad variety of particles encompassing detritus, as well as heterotrophic and autotrophic organisms, which may each have different physiological stages. Even algal abundance and composition of seston varies during the seasonal succession mostly as a response to nutrient availability and interactions with zooplankton (Sommer et al., 1986) . Although seston quantity might stay the same, differences in sestonic food quality may change the nutritional value of seston and thus the degree of food limitation. As a consequence, periods of qualitative and quantitative food limitation of zooplankton may alternate. Studies of growth and production of zooplankton in the field cannot separate the limiting mechanisms. Therefore a combined laboratory-field approach has been deemed necessary and consequently chosen for this study.
In this study daphnid growth is taken as the ultimate measure of food availability and food suitability. The degree of food limitation is obtained by comparing growth rates on seston with a standard food, Scenedesmus acutus. Thus, we do not use a surrogate parameter for food quality. Thereby it is possible to quantify the food quality for Daphnia galeata of different seston assemblages following one growing season, and hence, to identify the degree of food limitation as well as to separate different mechanisms acting in different periods. This provides the opportunity for a more mechanistic understanding of resource limitation for zooplankton, a much less developed area compared to phytoplankton (Tilman, 1977) .
Method
The study was performed between April and October 1988. Seston for the analyses was taken from SchOhsee, a mesotrophic lake close to the Max-Planck Institute at P16*n (FRG). Plankton communities of this lake have been studied frequently (Lampert etai, 1986; Lampert, 1988a) . The SchGhsee hosts three Daphnia species Seasonal changes or food quality [D.galeata, D.hyalina, D. cucullata and interspecific hybrids of all three species. Wolf and Mort (1986) ] which typically alternate in occurrence (Lampert, 1988a) . Only D.galeata and D.galeata x D.hyalina hybrids were considered for this study. Daphnia cucullata was not very abundant in SchOhsee that year.
Field parameters and seston were monitored twice a week at a fixed sampling station where the lake is ~13 m deep. On each sampling date around noon, a vertical temperature profile and the Secchi depth transparency were measured. For seston analyses, several liters of water were collected at 0.5 m depth, screened through a 100 p,m screen on the lake to remove large zooplankton and were immediately transferred to the laboratory. Additional water was not screened but preserved in Lugol's solution for algal enumeration. Vertical tows with a 100 |im plankton net were taken and the zooplankton preserved in 4% sucrose formalin (Haney and Hall, 1973) .
Analyses
In the laboratory, a volume of the water was screened through a 30 p.m mesh to obtain two size fractions of particles (<30 (im and <100 |xm). Portions of both water fractions were filtered onto precombusted 25 mm diameter glass-fiber filters (Whatman GF/F) to determine the quantity of chlorophyll-a (Chl-a, Nusch and Palme, 1975) and paniculate organic carbon (POC, Krambeck and Lampert. 1981) . A particle size spectrum measurement was made of the fraction <100 ^m using a Coulter Counter model TAII equipped with a computer to calculate the total particle volume.
Phytoplankton were identified and counted in an inverted microscope by standard Utermohl technique (Rott, 1981) . From the same samples detritus particles were grouped according to size (<30 (xm and >30 ^m in diameter) and counted. Preserved zooplankton samples were analysed under a dissecting scope. Daphnids were sized from the top of the head to base of the spine and their eggs counted by using a BIOQUANT system.
The nutritional status of the daphnids in situ was then estimated from the standard clutch size (SCS, at standard size of 1.4 mm) as described by Lampert (1988a) . A time shift between sestonic carbon content <30 p.m and the measured clutch size was introduced to take into account the fact that food has to be converted first before it can be used as egg material. The time shift should be related to the egg developmental time (Bottrell et at., 1975) , and is therefore temperature dependent.
Experiments
The basic idea of the experiments was to compare growth rates of Daphnia on a standard food which did not vary over time, to Daphnia growth rates relying on natural sestonic food from the lake that varied in quantity and quality over time.
Growth experiments were performed with D.galeata from a clonal laboratory culture, originally isolated from SchOhsee. Neonates of a cohort (born within 8 h) were raised for 3 days in a batch culture with S.acutus at non-limited food concentration. Growth experiments were performed in a flow-through system (Lampert, 1988b) using natural seston as food. Experimental temperature was held constant at 20°C. Juveniles were transferred to the flow-through vessels (10 animals per 250 ml) and provided with 1.5 1 of lake water (seston) daily, which was screened through a 100 p.m mesh on the lake. The lake water was collected every day at the same sampling point as for analyses. The duration of each growth experiment was 3.5 or 4 days, respectively. Growth rates were determined from the increases in dry weights of the experimental animals. When the flow-through experiment started, a subsample of -10 young daphnids was dried and weighed on an electronic microbalance (CAHN). This provided the initial dry weight per animal (W). After each experiment, the remaining daphnids were also dried and weighed and the final weight per animal (W c ) was calculated. At the end of the experiments, daphnids usually had their first clutch. The growth rate (g) was computed according to
Growth rates for D.galeata feeding on the standard green alga S.acutus were determined in exactly the same manner. Experiments at various concentrations of Scenedesmus were performed at different dates and combined to obtain the standard response curve. Since S.acutus was grown in a chemostat, it was of similar physiological state regardless of the date of experimental performance.
Thirty-seven experiments with seston were conducted in the period from midApril to the end of October 1988. Each experiment yielded an average growth rate for the experimental period. In order to obtain a high temporal resolution, the experiments were kept rather short. Nevertheless, the results are averages of roughly 4 days during which the nutritional conditions in the lake may vary. We selected the period between the third and the seventh day in the daphnid's life. Weight increases are sufficient during this time to allow a direct measurement of the growth rate. The growth period covered most of the pre-adult phase. Under reasonable food conditions, daphnids had their first clutch at the end of the experiments. It was only under poor food conditions that daphnids did not produce eggs within the experimental period. But even under the best conditions they did not release neonates until the end of the experimental period, consequently no losses of biomass production occurred. Thus animals in this study performed mostly both tissue growth as juveniles and egg production for producing the first brood.
Asymptotic correlations were fitted according to Lynch (1989) to relate the growth rates to the various measured sestonic food parameters (POC, Chl-a, algal volume) and Scenedesmus carbon content (STATGRAPHICS).
The nutritional value of the natural seston was determined according to Fuhlendorf (1991) . This method is based on a comparison of experimentally determined growth rates of Daphnia raised on natural seston and on a gradient of concentrations of a standard food under the same conditions. Scenedesmus acutus from a chemostat was used as the standard food. Thus, numerical values of growth rates on seston (g,) were compared to the growth response with Scenedesmus (C, = 0.014 -[In (l-g,/0.44)/4.3], Figure 1 ). For each sestonic food growth rate (gj a carbon concentration (CJ was determined equivalent to the Scenedesmus carbon concentration obtained with the standard response curve for Scenedesmus. This carbon concentration, the growth rate equivalent (C,), is therefore the Scenedes- C s can then be related to the actual sestonic carbon concentration (C,). The ratio of the two carbon concentrations (C t :C t ) defines the food quality of the seston relative to Scenedesmus. Assessing food quality as determined as C^.C, implies the same response curve of seston to growth as for Scenedesmus, which holds true for seston tested (Mliller-Navarra, 1993) .
Since the growth rate equivalent (C,) and the food quality ratio (C^.C,) are both related to the strain of S.acutus and the conditions under which they are cultured, they cannot be used as absolute values. Nevertheless, a large part of the existing literature about Daphnia feeding, growth, and life history is done with Scenedesmus as food. Thus, the results are well suited for comparisons with the existing body of knowledge pertaining to Daphnia feeding and growth.
Results

Field parameters
The seasonal events followed closely the pattern described by the PEG model (Sommer et ai, 1986) . Stratification began in mid-May and started to decay at the end of September, as seen from water temperature profiles (Figure 2 ). In the second half of October, the lake was homothermal at ~10°C at the sampling station. Secchi transparency (Figure 3 ring in the first week of June, typical for Schohsee (Lampert et al., 1986) . Transparency decreased towards summer and increased again in fall. Algal volumes were determined from microscopic counts and the different algal taxa were classified with respect to their edibility according to size and shape (Table I) . Dominant algae were grouped into: (1) edible algae, (2) interfering algae and (3) algae >30 (xm (large inedible algae). Algal seasonal distribution (Figure 4a ) demonstrated the same trend as outlined in the PEG model, dominance of small, edible cells in spring and an increasing fraction of large algae after the clear-water phase. The edible fraction was dominated by various species of flagellates (Rhodomonas minuta, R.lens, Cryptomonas ssp., Chrysochromulina parva). The amount of detritus varied strongly during the studied period (Figure 4b ). During April and May low values occurred. A pronounced maximum occurred immediately after the clear-water phase in mid-June (probably a result of the conversion of live algae into detritus by the activity of daphnids).
Overall the time course of algal counts resembled the pattern of POC and Chl-a (Figure 5a, b) . Minima in Chl-a, POC and particle volume (Figure 5a -c) were evident during the clear-water phase, but differences between these parameters were also found during summer. Several distinct peaks were visible in Chl-a, particularly in the small fraction (<30 (im). This general pattern is reflected in the small POC fraction as well, but there were three short peaks in the larger POC fraction that were not reflected in Chl-a values. Microscopic analyses revealed that the peak on 20 May was probably caused by rotifers and small nauplii that passed through the 100 \im screen. Whereas the peak on 10 June resulted from detritus, the peak at 17 June was due to a Dinobryon bloom.
Total volumes as determined by the particle counter (Figure 5c ), however showed a rather different pattern than carbon, Chl-a, and algal counts. Only during spring were they similar to POC and Chl-a values, during summer they resembled more the detritus counts. High particle volumes were recorded from the middle of June to the beginning of August. Only particles smaller than 6 \im exhibited a time course similar to Chl-a during spring and summer. At the end of July the particle volume seemed to be affected by calcite precipitation (D.MUller-Navarra, unpublished data).
Laboratory growth experiments
The functional response of Daphnia growth rate to increasing Scenedesmus concentrations follows a saturation curve (Figure 1 ; open circles in Figure 6 ) with a
Seasonal changes of food quality high degree of explained variance (r 1 = 0.98). Thus, the growth rates obtained with Scenedesmus are a reliable food standard.
The correlation of growth rate with sestonic carbon <30 (im (POC30) exhibited a greater scatter (r 2 = 0.53) than with Scenedesmus food carbon ( Figure 6 ; Table  II ). Since individuals of a single clone were used in both experiments, individual variation can be mostly excluded. Thus, the variation expresses differences in seston food quality in terms of carbon. Despite the large scatter of sestonic food, threshold concentrations for individual growth (0.016 mg C I 1 ) and egg production and concentrations of maximal growth were of the same order of magnitude for natural seston and Scenedesmus. But in most instances growth rates of Daphnia obtained with natural seston were lower than the growth rate for the same concentration of Scenedesmus. Most of the respective points ( Figure 6 ) lie below the Scenedesmus curve, thus the growth rate equivalent is, accordingly, mostly below Table II the POC concentration in the lake, indicating a lower nutritional value than Scenedesmus. However, some points come close to the line or are even above it, at which instances the food quality was even higher than for Scenedesmus.
Statistically significant regressions were also obtained when Chl-a ( Figure 7 ; Table II ) and algal volumes of edible algae (Figure 8 ; Table II) were plotted against the growth rates. Chl-a <30 jirn explained the same proportion of the variation of Daphnia growth rates as POC30. However, regressions for both Chl-a and algal volume, respectively, yielded negative intercepts with the .Y-axis, and therefore represent unrealistic models.
The time course of calculated growth rate equivalents (C s ) for each experiment is shown in Figure 9 together with the actual POC (C,). Growth rate equivalents varied with the seasonal succession in the lake. The highest growth rate equivalents were found during the spring algal bloom and in late fall (~0.8 mg C I" 1 )-These instances of non-limiting concentrations occurred when the lake was well mixed. Low values occurred around the clear-water phase at the beginning of June (0.15 mg C I" 1 ) due to low food concentrations. Afterwards at the end of June the growth rate equivalent rose and values of 0.2-0.3 mg C I" 1 were predominant. Thus during the summer decline phase, when the lake was well stratified, daphnids were exposed to limiting food conditions. Growth rate equivalents encompasses the information about the actual useful amount of carbon in seston that is convertible into growth. When compared to the actual carbon concentration in seston, this ratio is a measure of sestonic food quality. The relative food value is 100% Scenedesmus whenever the growth rate equivalent approaches the sestonic POC concentration (Figure 9) . Ratios over 1.0 (food quality is more than 100% of Scenedesmus) were found during the spring bloom and in September/October (Figure 10 ). Another short period of high food quality could be identified in the first week of June during the maximum of Secchi transparency (Figure 3 ) and the minimum of POC (Figure 5b) . Low values between 0.4 and 0.6 (i.e. 40% and 60% Scenedesmus quality) occurred frequently during summer. Minimal food qualities (0.43 and 0.38) coincided with maximum POC, particle volume and algal volume on 17 June and 29 July (Figure 4 ; Figure 5 ; Table III) .
Clutch sizes
The varying food conditions in the lake are also reflected in the clutch sizes of the daphnids. Experimental clutch sizes versus POC30 (Figure 11 ) yielded a significant relation as did the growth rates. The threshold and incipient-limiting level concentrations were 0.18 mg C 1 ' and 0.5 mg C I 1 , respectively. Standard clutch sizes of field animals (SCS) exhibited a somewhat similar relation to the sestonic carbon content as did clutch sizes of experimental daphnids. Both approached a maximum in form of a saturation curve. Standard clutch sizes varied seasonally between 0.9 and 7.5 and clutch sizes of the experimental animals varied between 0 and 6.5 eggs clutch 1 . Maximal clutches in situ were reached in spring. The best non-linear fit (r 2 = 0.58) was obtained when the POC concentration was shifted 1.25 egg development times (Figure 12 ), although differ- ences in r 2 were small considering shifts between 0.5 and 2.0 egg developmental times. The threshold for zero egg production (minimal population growth) was 0.14 mg C I" 1 and thus similar to the threshold for the experimental animals in the flow-through system. A slightly lower threshold might be due to higher food requirements for the first clutch than for the following clutches measured at 1.4 mm standard animals. Lower maximal clutch sizes of the experimental animals are probably accompanied by their smaller size and thus smaller brood pouch of these daphnids.
Discussion
The seasonal pattern of planktonic events in Schohsee matched very well with the PEG model (Sommer et al., 1986) , indicating that the results are not only restricted to SchOhsee but can be applied to various other temperate lakes.
Comparison of Chl-a, volume of edible algae and POC as food parameters revealed that POC was the most realistic representative of the food quantity in our study. Although regressions of the amount of edible algae and especially Chl-a exhibited regressions with a similar degree of explained variance, both exhibited a negative intercept. This would mean that the animals could grow in the absence of food, which can hardly be explained biologically. Reasonable regression coefficients are thus more probably due to covariability.
Especially at low concentrations, Chl-a, in contrast to POC, was insufficient to explain Daphnia growth. One explanation could be that additional food sources (i.e. bacteria, protozoans, detritus) not included in Chl-a and algal counts, but in POC measurements, are important for Daphnia nutrition, especially at lower car- bon concentrations. On the other hand the ratio of POC to Chl-a or volume of algae itself might alter as well. Especially at very low POC's, the Chl-a/POC ratio might be lower due to changes in the species composition and physiological state of the existing algae. For example, the degree carbon is allocated to substances which do not attribute to Daphnia's nutrition might be altered (e.g. cellulose of cell walls, or some storage products in the algal cell). Nevertheless, large unexplained variations persist due to food quality differences of seston, regardless of the parameter taken into consideration. Since carbon was revealed to be the best food parameter, we used it as the basis to determine sestonic food value. Two parameters were chosen to identify periods of varying mechanisms that determine sestonic nutritional adequacy for Daphnia.
(i) The growth rate equivalent (C,) measures the utilization of the available seston (<30 p.m) for growth. It depends on the amount of seston present (i.e. POC concentration) as well as on its quality. Since Scenedesmus is used as the standard, the concentrations of the growth rate equivalent can be compared to other studies done with Scenedesmus.
(ii) The ratio between the growth rate equivalent (C.) and the actual sestonic carbon concentration (C.) is a relative measure of the food quality. Due to its relative nature, it is more sensitive at low food concentrations, since slight differences in absolute differences produce larger differences in relative measures, i.e. if 100% is a low absolute value. Nevertheless, it is a good visualization of food quality. Both measurements are independent of the abiotic factors prevailing in the lake, as they were both made under standard conditions in the laboratory. Therefore, this method provides a means of explaining food limitation relative to a standard which is independent of abiotic factors. However, food requirements might change with ontogenetic shifts accompanying the onset of egg production. Neonates may need mainly protein for tissue growth (Roman, 1991 , for calanoid copepods) while adults depend on lipids for egg production (Goulden and Henry, 1984 , for cladocerans). Definite separation is not possible with our measurement. However, since Daphnia population dynamics in the field is strongly dependent on the time of first reproduction and the first brood (Lynch, 1989) , the experimental period, in all likelihood, covers the most important period of daphnids' life span in nature.
Following the seasonal succession we could define phases of different food availability and quality. During the spring bloom both quantity and quality of seston were high. This period was characterized by high concentrations of POC and Chl-a, consisting nearly exclusively of edible particles, mainly C.parva, R.lens and R.minuta and a low share of detritus. This resulted in high fecundities and growth rates promoting an increase of the Daphnia population. High Daphnia densities resulted in strong grazing pressure and a clear-water phase (Lampert et al., 1986) . Thus seston concentration was reduced to the lowest levels of the year and even detritus disappeared. However, the minima of Chl-a and algal volume occurred about one week earlier than the POC minimum. At this time carbon food sources were probably of greater importance for Daphnia. While total POC was still being reduced, algae evidently started growing again, probably due to nutrient regeneration by zooplankton (Sterner, 1986; denOude and Gulati, 1988) . Thus, the share of fast growing algae increased and the proportion of detritus was minimal at this time. As a result, food quality was high (100%) during the POC minimum, but the quantity of food was clearly limiting. The growth rate equivalent values were lower than the threshold for egg production. As a result Daphnia soon reached very low egg numbers and the population crashed. A shift in seston quality is indicated after the clear-water phase. Growth rates remained low although POC (<30 jim) increased again. Particularly low food qualities were determined around mid and end of June. At this time a detritus peak was determined from microscopic counts as particles smaller than 30 u,m, between 6 and 30 (j.m with the Coulter Counter and measured in the >30 p.m POC fraction. The detritus peak was probably a consequence of high grazing pressure and bacterial production favoured by increasing temperature. The second peak consisted of a short pulse of Dinobryon at the end of June. The Dinobryon peak was rather large and may be inhibitory to the filtering process of daphnids (Gliwicz and Siedlar, 1980) . Thus, after the clear-water phase the combined effect of food of moderate quantity and low quality limited growth to an extent that the growth rate equivalent came close to the threshold food concentration (0.1-0.15 mg C 1'). This suggests that the crash of Daphnia population was due to severe food limitation at this time of the year. This is in agreement with the observation of Luecke el al. (1990) , who estimated mortalities on D.galeata in Lake Mendota and found that fish predation contributed only 2% to daphnids loss during Daphnia decline at that time of the year.
After this period of rather strong food limitation the situation defused. With growth rate equivalents between 0.2 and 0.3 mg C 1-' (except for 0.4 mg C I 1 on 29 July) Daphnia was still food limited, but were not starving and could even produce eggs. This situation stayed until fall overturn in mid-September. Similar results were found by Threlkeld (1986) for other zooplankton species, although he was not able to raise D.galeata on lake water later than 12 July.
During summer the actual sestonic POC was twice as high as expected from Daphnia growth rates (i.e. growth rate equivalent). It was even higher if total POC was considered instead of only the fraction smaller than 30 JJLITI. Thus, the low food quality (-50% Scenedesmus) contributed to a notable extent to the poor food situation. This seems to be characteristic for the strongly stratified period at which a diverse, grazing adapted, and nutrient limited summer algal community prevailed in the lake (Sommer et ai, 1986) . Large, inedible algae formed a considerable share of algal biomass at this time of the year, but filamentous interfering algae (Gliwicz and Lampert, 1990) were not very abundant in SchShsee. Anabaena was present all summer but did not bloom, thus interference of feeding was probably a minor source of variability.
Finally, food conditions improved again from the end of September through to October. The growth rate equivalent increased mainly due to a high relative food quality. At this time temperatures dropped and fall overturn provided nutrient rich epilimnic water. Since the food situation changed mainly due to an increase in food quality, biochemical changes of seston composition must be considered responsible for the enhancement of nutritional quality (Ahlgren, 1993) . This change may be due to shifts in species composition accompanying the fall overturn, when diatoms and small cryptomonads became more abundant. These algae have a high content of o>3 highly-unsaturated fatty acids, among which 20:5w3 seems to be of special importance for D.galeata (Muller-Navarra, 1995) . In addition to changes in sestonic algal species composition, nutrient replenished conditions and low temperature might have even enhanced sestonic food quality by promoting the synthesis of highly-unsaturated fatty acids in algae (Harwood and Jones, 1989) .
The experiments were always carried out at 20°C irrespectively of lake temperature. Sestonic food conditions for Daphnia might have been overestimated at this time of the year, since daphnids seem to be unable to accumulate highly unsaturated fatty acids (22:6o>3) at decreasing temperature to ascertain membrane fluidity (Farkas et al., 1981) .
In earlier studies estimates of zooplankton food limitation have been mostly obtained by comparing life history features of daphnids fed cultured algae in the laboratory with those obtained from field animals (e.g. Hall, 1964; Boersma and Vijverberg, 1994) instead of growing them in natural lake water directly. But also growth of daphnids with natural seston has been measured earlier. Weglenska (1971) diluted or concentrated lake water to be used in batch experiments under laboratory conditions. Threlkeld (1986) measured life history parameters on freshly caught cladocerans in the laboratory for up to 25 days. Larsson et al. (1985a,b) applied a flow-through system in situ to study Daphnia growth in the absence of mortality.
Our approach differs in some respect from these studies. Like Larsson et al. (1985a,b) , we used a flow-through system to avoid effects of the animals on their food resource (grazing, settling, nutrient regeneration) that might occur in beakers. But in contrast to Larsson et al. (1985a,b) we performed all experiments at 20°C and not at the actual lake temperature to exclude temperature effects on the animals' growth. We determined the weight directly to avoid uncertainties caused by the use of length-weight regressions (Duncan et al., 1985; Boersma and Vijverberg, 1994) . We did not use field animals to start the experiments, but reared mothers and juveniles under defined standard conditions to keep maternal effects constant. Hence we are able to separate food effects from other factors affecting the population in the lake. Field measurements of population dynamics cannot provide this information as they depend on lake temperature, distribution of animals and population structure as influenced by mortality.
The similarity of correlations obtained from laboratory growth experiments with standard clutch size measurements ascertains the applicability of the laboratory results to the field situation. Statistically significant regressions were obtained when correlating the SCS with growth rates and clutch sizes from seston experiments (Fuhlendorf, 1991) . Threshold food concentrations were also similar to that reported previously (Lampert, 1977 (Lampert, , 1978 Lampert and Schober, 1980) . Although SCS is the result of abiotic factors as well as of food conditions, it seems to provide a reasonable measure of food limitation in situ. However, food limitation only results in mortality directly if the growth rate equivalent is lower than the threshold for maintenance metabolism, leading to the starving of daphnids to death. In Schohsee, this was only the case during the clearwater phase and Dinobryon bloom. In general, daphnids are food limited as long as the food conditions do not allow a maximum rate of reproduction. This was the case during the rest of the summer (Table III) . Under these circumstances food limitation still affects Daphnia mortality due to increased susceptibility to mortality factors (e.g. predation, see Luecke et al., 1990) .
In the lake, production rates may be also influenced by environmental factors like temperature, which mask food effects. Since our laboratory experiments are independent of temperature and other abiotic factors, they clearly demonstrate that Daphnia did not reach maximum growth rates during the stratification period, thus they were food limited most of the growing season. The large scatter reflects the varying food quality of seston, for which the biochemical composition is the most responsible factor in Schohsee (MQller-Navarra, 1995) .
The comparison of various sestonic food measures with the ultimate measure of Daphnia growth enabled us to validate these parameters so far used to determine the food quantity. The comparison of the standardized Daphnia growth rates to a food standard of uniform quality made it possible to distinguish between food quality and food quantity effects. This could be done in the course of one growing season. Since we were able to quantify the degree of food limitation, this is a step towards a more mechanistic understanding of food limitation. It might provide the opportunity to frame food limitation into concepts of resource competition theory for determining competition between herbivorous zooplankton species.
